In contrast to other types of leukemia, chronic lymphocytic leukemia (CLL) has long been regarded as non-radiogenic, i.e. not caused by ionizing radiation. However, the justification for this view has been challenged. We therefore report on the relationship between CLL mortality and external ionizing radiation dose within the 15-country nuclear workers cohort study. The analyses included, in seven countries with CLL deaths, a total of 295,963 workers with more than 4.5 million person-years of follow-up and an average cumulative bone marrow dose of 15 mSv; there were 65 CLL deaths in this cohort. The relative risk (RR) at an occupational dose of 100 mSv compared to 0 mSv was 0.84 (95% CI 0.39, 1.48) under the assumption of a 10-year exposure lag. Analyses of longer lag periods showed little variation in the RR, but they included very small numbers of cases with relatively high doses. In conclusion, the largest nuclear workers cohort study to date finds little evidence for an association between low doses of
INTRODUCTION
Chronic lymphocytic leukemia (CLL) is a common type of leukemia with a largely unknown etiology (1) . Although there is strong evidence that other types of leukemia are linked with ionizing radiation, CLL has long been regarded as non-radiogenic, i.e. not caused by ionizing radiation (2) . This has led occupational compensation programs in some countries (for example in the UK and the U.S.) to assign CLL a zero probability of causation, meaning that, in those countries, radiation-exposed workers with CLL cannot claim compensation (3, 4) .
The classification of CLL as non-radiogenic is based mainly on evidence from studies of medically exposed populations, which have found radiation associations primarily for non-CLL leukemia (2) . Studies of the Japanese atomic bomb survivors have not been informative, because CLL is very rare in this population (5) . Although the evidence for CLL radiogenicity is clearly not as strong as for other forms of leukemia, whether CLL is associated with radiation remains a topic of debate. The clinical characteristics of CLL, including its long latency and asymptomatic period, higher prevalence at older age, mild symptoms and low fatality rate, have led to underascertainment of CLL on death cer- tificates and thus to low power in studies of mortality (1, 6, 7) . Further, its classification as non-radiogenic has led many studies to exclude CLL from analyses and/or reports. For these reasons, the justification for the assignment of CLL as non-radiogenic has been challenged (6-9). The 15-country study of nuclear industry workers is the largest study of nuclear industry workers to date, and it provides direct evidence concerning the effects of low-dose occupational exposure to ionizing radiation. This study has recently published its radiation-related cancer mortality risk estimates (10) . To contribute to the current debate on CLLradiogenicity, this paper presents detailed analyses of radiation-related CLL risk.
MATERIAL AND METHODS
The 15-country study is a retrospective cohort study of mortality among nuclear workers. Detailed methods, including the follow-up approach used in each participating cohort, have been published elsewhere (11) . The main study population was defined as workers who had been employed in at least one of the study facilities for at least 1 year, who had been monitored for external radiation exposure, and whose doses consisted predominantly of higher-energy photon radiation (X and ␥ rays in the range 100-3000 keV). For each worker monitored for external radiation exposure, individual annual radiation doses were obtained from facility records and/or national dose registries. Doses to specific organs were derived by dividing the recorded doses by organ dose bias factors developed in a study of errors in doses (12) . In the CLL analyses, doses to the active bone marrow were used. All doses are expressed in terms of equivalent dose in sievert (Sv).
Cohorts included in the analyses of CLL were all those with at least one CLL death ( Table 1 ). The analyses used linear and log-linear models. The linear relative risk Poisson regression model assumed the relative risk (RR) to be of the form 1 ϩ ␤Z, where Z is the cumulative dose in Sv, and ␤ is the excess relative risk (ERR) per Sv (10) . In the CLL analyses, the MLE of this model was on the lower boundary of ␤ defined by 1/max(dose). We therefore focus on log-linear Poisson models, in which the RR is assumed to be of the form exp(␤Z). Likelihood-based confidence intervals are presented. Cumulative doses were lagged by 10 years to allow for the long latent period of CLL and in analogy with our analyses of other cancer outcomes (10) . Sensitivity analyses were also conducted using other lag times (2, 5, 15, 20 and 25 years). Estimates of the ERR and RR were stratified by sex, age and calendar period (both in 5-year categories), facility, duration of employment (Ͻ10 years, Ն10 years), and socio-economic status (SES) (10) . Analyses of separate cohorts were conducted only for cohorts with more than five CLL deaths; the remaining cohorts were combined.
The outcome was mortality from CLL as underlying or associated cause of death (ICD 8 and 9 code 204.1). ICD revisions in use before around 1970 (ICD 6, 7) did not distinguish CLL with a separate code. Cohorts that had leukemia deaths before 1970 (U.S. and UK) recoded all early deaths to ICD 8 or 9 by review of the death certificates. It was judged important to include associated causes, because CLL patients often die from causes other than CLL, so CLL may not be given as the underlying cause of death on the death certificate (6) . Information on associated causes of death was collected by four countries (France, Sweden, UK and U.S.) contributing 84% of workers in the study.
The 15-country study was approved by the IARC Ethical Review Committee and by the relevant ethics committees of the participating countries. The study did not involve contact with study subjects.
RESULTS
The cohorts included in the analysis of CLL comprised 295,963 workers, followed up for a total of 4,530,294 person years, with an average cumulative bone marrow dose of 14.7 mSv (Table 1 ). In total, there were 65 deaths with CLL as underlying (N ϭ 47) or associated (N ϭ 18) cause within these cohorts. Most cohorts contributed very few CLL cases. The cohorts of the UK (N ϭ 19) and of Hanford (N ϭ 12) and Idaho National Laboratory (INL) (N ϭ 14) in the U.S. contributed the majority of cases.
In all cohorts combined, there was no evidence of an association between radiation dose and CLL risk: The ERR per Sv was on the lower boundary of ␤ (ϭ Ϫ0.86) defined by 1/max(dose), while the log-linear model showed an RR Table 2) . Confidence intervals were very wide, however, and there was no evidence for heterogeneity in risk estimates between the cohorts (P ϭ 0.73 in the log-linear model). Risk estimates per unit radiation dose did not vary substantially by attained age (P ϭ 0.48): Ͻ60 years (N ϭ 15) RR ϭ 0.81, 95% CI 0.14, 2.10; 60-70 years (N ϭ 21) RR ϭ 1.12, 95% CI 0.52, 1.89; and Ն70 years (N ϭ 29) RR ϭ 0.39, 95% CI 0.05, 1.25). For all cohorts combined, relative risk estimates decreased with increasing lag times, from 0.91 at 100 mSv with a lag of 2 years to 0.81 with a lag of 20 years and 0.43 with a lag of 25 years (Table 2) . Similarly, in most individual cohorts, longer lag times resulted in lower risk estimates (not shown). Longer lag periods resulted in lower cumulative doses, so the findings for the longer lag periods are based on very small numbers of deaths in higher dose categories. For example, analyses using a 20-year lag included only three CLL cases with a dose of 50 mSv or more, one at Hanford and two in the combined small cohorts. Under a 20-year lag, central estimates of the relative risk were above one at Hanford (RR at 100 mSv ϭ 1.26, 95% CI 0.04, 9.36) and in the combined small cohorts (RR ϭ 2.77, 95% CI 0.53, 8.26) but below one in the other cohorts; confidence intervals were invariably wide and included unity.
DISCUSSION
This study finds little evidence that mortality from chronic lymphocytic leukemia is related to external ionizing radiation dose, although we were not able to exclude a risk similar to that observed for other leukemia types due to the wide confidence intervals. These findings are consistent with results from previous large-scale nuclear workers studies that have examined CLL: the 3-country study (13) and the second analysis of the National Registry for Radiation Workers of the United Kingdom (14) . The overall risk estimate is also similar to that published previously by the 15-country study, based on underlying causes of death only and using a 2-year lag (RR at 100 mSv ϭ 0.90) (10). General strengths and weaknesses of the 15-country study have been discussed in great detail elsewhere (10, 11, 15) . A main limitation in the analysis of other cancer types was the inability to adjust for individual smoking habits (10), but confounding by smoking is not a major concern in CLL analyses, because there is little evidence that smoking is a risk factor for CLL (16) . For CLL, potential confounders include chemical exposures such as solvents (17) and other risk factors such as race (18) , but no information on such factors was available. A recent case-control study (including workers at Hanford, ORNL and three sites not included in the 15-country study) that adjusted for exposure to ben-zene and carbon tetrachloride found no evidence of confounding by these solvents (8) .
Despite its size, this study had little power for several reasons. Most nuclear workers received very low doses of radiation; hence it is difficult to detect small increases in risk. CLL is a slow-progressing cancer with a comparatively long latency and asymptomatic period; a long lag period between exposure and effect (i.e. mortality from CLL) is therefore appropriate, but our analyses with longer lag periods included very few CLL deaths with higher doses. Nevertheless, increasing the lag period from 10 years to 15, 20 and 25 years did not change the overall results substantially. It may be of interest that the analyses using a 20-year lag period showed increased risk estimates, although far from statistically significant, in the only cohorts with any CLL deaths at cumulative doses over 50 mSv. However, these analyses should be interpreted with great caution because they are based on very few deaths. Analyses of the effects of age at risk and time since exposure on radiationrelated CLL risk were not attempted due to low power. The follow-up periods in most cohorts included in this study were relatively short (average 13 years), and the majority of workers were comparatively young (average 46 years) at the end of the follow-up. Further follow-up of these populations may be useful to improve power.
Ascertainment of CLL through death certification is open to outcome misclassification and underascertainment, which may in turn reduce the power of this study. CLL is characterized by a long asymptomatic period, mild symptoms, and low fatality rate. CLL patients often die at older age from competing causes of death, and thus CLL may be not be stated as cause of death on the death certificate (6) . Inconsistencies in the diagnosis and classification of CLL have long existed due to analogies with lymphocytic lymphoma (18, 19) , leading to further possible inaccuracies in the case ascertainment. It should further be noted that CLL could not be distinguished in the early ICD revisions. In this study, cohorts with leukemia deaths before this time recoded early deaths to later ICD revisions, but some misdiagnosis may have occurred; we feel that this probably does not affect a large proportion of cases, because there were few leukemia deaths before 1970 (N ϭ 35), and if we apply the post-1970 proportion of CLL cases out of all leukemia cases (22%) to the pre-1970 cases, no more than three CLL cases are estimated to be missing due to misdiagnosis.
In conclusion, the largest nuclear workers cohort study to date provides little evidence for an association between CLL mortality and external ionizing radiation at low doses. However, the power of the study is low due to the low doses, short follow-up periods in most cohorts, and uncertainties in CLL ascertainment from death certificates. Tentative suggestions of higher radiation-related CLL risk with long lag periods in some of the cohorts merit further exploration in an extended follow-up of the nuclear workers cohorts, ideally including cancer incidence follow-up.
